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South Africa and the greater African continent are predicted to suffer from future water shortages 
due to a rapidly growing population and inadequate conservation of water resources. Research has 
shown that over the last decade desalination has become a reliable and effective means of producing 
potable water. This research study aimed to increase the performance characteristics of the solar 
powered desalination test rig that exists at the Discipline of Mechanical Engineering workshop, 
University of KwaZulu-Natal. The project objectives were to improve system performance and 
thermal efficiency of the boiler still of the test rig through various design and operational changes. 
System performance refers to volumetric output productivity of the boiler still whereas thermal 
efficiency refers to the various still temperatures.  
Based on the review of relevant literature a methodology composed of a qualitative and quantitative 
approach was drawn up. The qualitative approach comprised a feasibility study using a survey, 
market analysis, quality function deployment (QFD) and failure modes and effects analysis (FMEA). 
An analytical, computational and experimental model alongside computer aided design (CAD) made 
up the quantitative approach. The feasibility study (sample size 100) found that 85 % of respondents 
believed desalination was the solution to future water shortages that South Africa may face. The 
QFD and FMEA both noted the importance of operating the boiler still in a specific total dissolved 
solids range to enhance productivity and reduce system fouling. The proposed boiler still design is a 
double slope solar still that will operate within specified ranges for input water total dissolved solids, 
basin depth and roof slope. The analytical and computational models noted a 114.13 % and 90.77 % 
increase respectively in new still productivity when compared to the experimental productivity of 
the existing single slope boiler still.  
The double slope still design reduced the shadow effect experienced by single slope stills. 
Maintainability of the system was improved through a modular sheet metal and glass boiler still 
design. Reverse osmosis was noted as the preferred desalination technique through the research 
survey.  
Considering that productivity of solar boiler stills are largely dependent on still area, it is suggested 
that further research be carried out into the incorporation of parallel stills and preheat/energy 
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CHAPTER 1: INTRODUCTION 
 Background of solar powered water desalination  
South Africa and the greater African continent are largely water scarce regions with much of the 
continental land being semi-arid to arid. Africans rely heavily on seasonal rain and borehole water 
for supply of freshwater. Increased temperatures, drought and erratic weather conditions have led 
to an ever growing need to research, develop and invest in alternative methods to attain and 
produce potable water. Solar powered water desalination is a process in which energy is harnessed 
from the sun to be used as the driving forcing to carry out water desalination. Desalination has a 
proven track record of being a reliable and safe method to produce potable water. The challenge 
that arises on the African continent is the lack of a dependable and continuous source of 
electricity, especially in underdeveloped nations. Solar energy is the ideal candidate to capitalise 
on the abundant solar irradiation available in African regions. One such plant is being developed 
in the Western Cape (Figure 1-1), South Africa. This plant produces 100 kl of potable water per 
day at a cost significantly less than diesel powered counterparts [1].  
 
Figure 1-1: Witstand solar powered water desalination plant  
 Problem statement  
At the University of KwaZulu-Natal, Discipline of Mechanical Engineering, there exists a solar 
powered desalination plant test rig. The test rig was designed, manufactured and tested by Group 
15 as part of the mechanical engineering courses: Design and Research project 1 & 2 
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(EN4MEPD/DP) in 2018, as seen in Figure 1-2. The test rig fulfilled the requirements of the 
problem statement proposed to Group 15. However, a number of design and performance 
recommendations were noted in Group 15’s design and research project report [2]. The most 
notable was to improve the boiler of the test rig. The boiler still was not optimally designed to 
maximise the evaporation rate of saline liquids while condensation of potable water was hindered. 
The problem then arises regarding the design and analysis of an improved boiler to refine the 
performance characteristics of the test rig and build on the shortcomings of the existing design.  
 
Figure 1-2: Solar powered desalination plant test rig at Mechanical Engineering 
Workshop, UKZN 
 Research questions  
These are the research questions that have been developed with respect to the design of an 
improved boiler for a solar powered water desalination plant: 
1) What physical design change(s) can be made to improve current boiler still performance? 
2) How can a research methodology be developed to provide a more holistic design and 
analysis approach?  
3) Which desalination technique is preferred by the general population of South Africa? 
 Hypotheses 
The hypotheses below are “educated guesses” developed by the individual based on the research 
of relevant source material, consultation with the project supervisor and industry experts. These 
seek to investigate a possible solution to the research questions listed in Section 1.3.  
3 
 
1) The boiler performance can be increased through a double slope still design which 
reduces the shadow effect. 
2) Deriving a methodology composed of both a qualitative and quantitative approach.  
3) Solar distillation is the preferred desalination technique by South Africans.  
 Aim and Objectives 
1.5.1 Aim 
The aim of the research project was to increase the performance characteristics of the solar 
powered desalination test rig that exists at the Discipline of Mechanical Engineering workshop, 
University of KwaZulu-Natal. 
1.5.2 Objectives 
The following objectives sought to enable the achievement of the aim of the improvement 
project, namely: 
1) Increase system performance by readdressing boiler still design 
2) Enhance thermal efficiency through different material selection 
3) The system should require little to no user input 
4) Provide direct comparison between existing still and improved still 
5) New boiler setup should be able to be integrated with existing test rig  
 Layout of Study 
1.6.1 Scope  
Key areas which the project falls within are: 
1) Renewable and alternative energy 
2) Water treatment and potable water production 
3) Heat and mass transfer 
4) Thermodynamics 
5) Mechanical design 
6) Environmental science  
7) Meteorology 
1.6.2 Layout  
1) Chapter 1: Introduction –The background, problem statement objectives, scope and 
research work carried out as part of the MSc. Engineering degree. 
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2) Chapter 2: Solar Desalination: A Critical Review – The literature review relevant to this 
dissertation. It reviews the need for research into alternative water purification methods 
in general, desalination methods in particular, their working principles and mathematical 
modelling, and the economics of thermal and membrane-based desalination. 
3) Chapter 3: Methodology –The methodological approach used during the study. 
Qualitative and quantitative research approaches are described, their advantages and 
disadvantages listed, and the various aspects of each approach discussed. Lastly, a 
methodological process flow diagram is shown to represent the overall manner in which 
the study was carried out.  
4) Chapter 4: Feasibility Study – This chapter presents a feasibility study that was carried 
out, in which 100 participants completed a research questionnaire regarding water supply 
and alternative means of producing potable water in South Africa. The results and their 
implications for the survey are discussed.  
5) Chapter 5: Quality Function Deployment –This chapter presents a QFD that was carried 
out as part of the qualitative approach of the system design. The completed QFD is shown 
in Appendix B and an analysis of the outcomes carried out with design recommendations 
made. The results of the QFD were examined. 
6) Chapter 6: Market Analysis – This chapter describes the market analysis carried out 
during the study. The generated information could provide valuable insights into a 
possible benchmark for design and performance characteristics.  
7) Chapter 7: Failure Modes and Effects Analysis – The chapter presents and analyses the 
results of the FMEA. The results were considered during the mechanical design phase. 
8) Chapter 8: Design Theory and Analytical Analysis of a Solar Still – This chapter reviews 
the theory behind still design, and the mathematical models used to analyse system 
performance. The system performance results obtained through the numerical solution of 
the mathematical model using MATLAB are for a double slope solar still operating in 
Durban, South Africa. 
9) Chapter 9: Design Theory and Computational Analysis of a Solar Still – This chapter 
provides the theory behind computational modelling of the solar still. The design theory 
behind a Computational Fluid Dynamics simulation is provided and simplified for a heat 
transfer model. The simulation process for an ANSYS® CFD model is included and the 
results of the computational model are evaluated.  
10) Chapter 10: Design Theory and Experimental Analysis of a Solar Still – In this chapter 
the experimental approach was used to verify the performance characteristics of the 
current solar powered desalination plant test rig and results are discussed.  
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11) Chapter 11 Comparison of Quantitative Results – The chapter presents analysis and 
comparison of results obtained through the analytical, computational and experimental 
models. 
12) Chapter 12: Conclusion, recommendations and future research 
1.6.3 Target audience  
The target audience for this dissertation is as follows:  
1) Students concerned with similar projects and research 
2) Lecturers, professors and external professionals tasked with project moderation 
3) Industry members interested in scope of project 
4) Organizations involved in water treatment and potable water production  
5) Government officials tasked with proposing green initiatives 
6) Members of the general public interested in specific components or the project scope in 
its entirety 
 Discussion 
Water scarcity is a major concern for South Africa and the African continent. The need for 
research and development in alternative methods of water production has been spurred on, in 
recent years, by drought, global warming and extreme weather patterns. Desalination has shown 
itself to be able to produce safe and clean drinking water reliably and effectively. However, 
largescale desalination plants, as seen in Figure 1-1, often come with huge price tags. The use of 
household desalination devices could serve as an unconventional solution to the usual borehole 
and rainwater alternatives. Numerous African countries are without dependable and continuous 
electricity supply thus making standard desalination less desirable. As such, design and 
development of small-scale low cost solar powered water desalination plants for household use 
has become all the more relevant in the present day.  
The problem statement indicates that there is a solar powered desalination plant test rig at the 
UKZN Mechanical Engineering workshop. This desalination test rig formed part of research 
carried out by a final year Design and Research Project group in 2018, as illustrated in Figure 1-2. 
The overall design fulfilled the objectives of the project although the boiler still design was noted 
as a possible are for improvement in future research. The aim of the current research was to design 
a new boiler still to refine performance characteristics of the existing design to increase the 
distillation rate. Achievement of the project aim was broken down into five objectives; improve 
system performance by readdressing boiler still design, enhance thermal efficiency through 
different material selection, ensure minimal need for user input, providing a direct system 
performance characteristic comparison and lastly, the new boiler design must be able to be 
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incorporated into the existing test rig. Performance was characterised by an increase in boiler still 
temperatures and productivity.  
Three research questions were drawn up and hypotheses provided for each. The first question 
related to what physical design change(s) could be made to the existing boiler to improve still 
performance. It was hypothesised that a double slope boiler still design would reduce the shadow 
effect and thus increase boiler performance. This was proven to be correct after an analytical and 
computational model both produced improved performance characteristics compared to the 
current boiler still design. The second research question probed the derivation of a more holistic 
research methodology. It was hypothesised that the inclusion of a qualitative approach to system 
design and analysis would prevent certain neglect of certain areas. This hypothesis was accepted 
as the qualitative approach provided a better understanding of the need for such devices in South 
Africa, which would make it a success in terms of large-scale production and the limitations of 
existing designs. The final question considered the desalination technique preferred by South 
Africans. It was hypothesised that solar distillation would be the most favoured technique 
however this hypothesis was rejected. A research survey was carried out which queried this and 
various other related issues. The majority of the respondents noted reverse osmosis as being the 
preferred method of desalination.  
 Summary of chapter  
This chapter provided an introduction to the design and research thesis regarding the improvement 
of the existing solar powered water desalination plant at the Mechanical Engineering workshop 
at UKZN. The introduction provided the setting of the current research and the need for further 
study was justified. The problem statement was presented along with the aim and objectives. 
Research questions to be tackled during the research and their respective hypotheses were 
outlined. Lastly, the layout of study was presented providing insight into the scope, layout and 
target audience for this thesis.  
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CHAPTER 2: SOLAR DESALINATION: A CRITICAL 
REVIEW 
This chapter reviews the need for research into alternative water purification methods in general, 
desalination methods in particular, and their working principles and mathematical modelling. The 
economics of thermal and membrane based desalination is noted. The article has been published 
in the International Journal of Mechanical Engineering and Technology, IAEME Publications. 
To Cite this Article: Devesh Singh and Freddie L. Inambao, Solar Desalination: A Critical 
Review. International Journal of Mechanical Engineering and Technology 10(8), 2019, pp. 244-
270. http://www.iaeme.com/IJMET/issues.asp?JType=IJMET&VType=10&IType=8 






























































More than 1.2 billion people live in water scarce regions across the world [1]. Funding, research 
and development into alternative water resources has begun by countries with a low Human 
Development Index. With South Africa being ranked the 30th driest country in the world [2], and 
the recent drought that affected the Western Cape in 2018, a significant mind shift is occurring 
with many realizing alternative water sources are required.  
Common water purification techniques include distillation, desalination, filtration, chemical 
treatment and boiling. Over the last two decades desalination has risen in popularity; however, 
reservations still exist due to the bulk of desalination processes being very energy intensive. Since 
2008 electricity supply in South Africa has been extremely unstable. Solar desalination relies on 
the solar energy harnessed from the sun to enable the desalination process. The four main methods 
of desalination are thermal, mechanical, electrical and chemical. The most common method is 
reverse osmosis (mechanical) constituting 52% of global desalination systems currently installed 
[3]. This chapter reviews the four main methods of desalination and the working principles, types, 
pros and cons, governing equations and productivity are described.  
Solar distillation involves the evaporation of saline water and condensation of distilled water 
enabled by solar radiation. Solar radiation provides the energy to allow for the phase change from 
water to water vapour. Solar stills range from simple single slope stills to complex multistage 
stills. Multistage stills record average production rates of 18 L/m2/day [4] but are much more 
expensive to manufacture and require significantly more energy input. Single and double slope 
stills are simpler to manufacture and are a cost-effective alternative to complex still designs 
although offering greatly reduced output rates. This can be overcome with addition of energy 
storage, air preheaters and external reflectors. The major advantage of solar stills is the ability to 
produce distilled water from both fresh and seawater. This is somewhat offset by poor operational 
performance during winter months.  
Reverse osmosis produces potable water through pre-treatment and mechanical filtration of saline 
water through a semi-permeable member [5]. Reverse osmosis systems are able to handle water 
with high total dissolved solids (TDS) while also removing a large percentage of bacteria and 
chemicals [6]. The startup costs for these systems are extremely high and often pay-off periods 
are in excess of a decade [7].  
The humidification-dehumidification method simulates the natural water cycle in a controlled 
environment to produce distilled water [8]. These systems can produce anything between 3 
L/m2/day to 13 L/m2/day depending on the system setup [9, 10]. Humidification-dehumidification 
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often cannot occur after sunset even though it is capable of utilising very low grade thermal energy 
[11].  
Electrodialysis entails the favourable movement of ions across a differential permeable membrane 
[12]. A differential voltage is set up between an anode and cathode while an ionic solution 
(seawater in this case) is passed through the cell. Electrodialysis requires a great deal of electricity 
to power the system but is also capable of desalination water of extremely high TDS [13].  
Solar distillation and reverse osmosis have both been shown to be reliable, cost effective and 
effective methods to desalinate water based on the respective production rates, pros and cons, cost 
factors and use globally. The cost per cubic metre of potable water produced by reverse osmosis 
significantly reduces from 18.75 $/m3 to 0.45 $/m3, for seawater, with an increase of 100 m3/day 
to 100 000 m3/day of water desalinated [14]. Reverse osmosis is therefore better suited to 
largescale projects as solar distillation cost per cubic metre desalinated remains consistent in the 
± 2 $/m3 range [14]. Solar distillation is therefore more applicable to household desalination 
plants.  
 Summary of chapter  
A review of literature was carried out to introduce the need for research into water due to the 
current water shortages plaguing the global population and survey the current methods of water 
purification. The process of water solar desalination is summarised and the different desalination 
techniques are discussed. The economics of the different desalination systems are tabled.  
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CHAPTER 3: METHODOLOGY  
 Introduction  
A research methodology is the chosen systematic approach of study by a researcher into a given 
topic. The methodology attempts to identify, define and select processes/methods to analysis a 
problem and allow one to critically assess the reliability and validity of the study. The 
methodology of a study can be decided upon through research into similar topics, qualitative and 
quantitative research modes and consultation with design experts. This chapter describes the 
methodological approach to be used during the study. Qualitative and quantitative research 
approaches are described, their advantages and disadvantages listed, and the specific types of each 
approach discussed. Lastly, a methodological process flow diagram is shown to represent the 
overall manner in which the study will be carried out.  
 Qualitative approach  
A definition of qualitative research provided by [1] is “a form of systematic empirical inquiry into 
meaning”. This relates to the collection of data through a systematic, inductive approach based 
on epistemological and ontological assumptions [2]. Data is analysed through flexible 
interpretation and with assumptions in place [3]. Sources include observations, interviews, 
opinions and words [4].  
The advantages of a qualitative research approach include:  
 Data can be analysed with greater detail as there are generally less time constraints 
involved in qualitative research, while quantitative research often deals with time 
dependency testing [5]. 
 Is based on human experience, interpretation and observation [6]. This enables the 
researcher to understand the target market or gain valuable industry insight [7].  
 Due to the fluid nature of research, qualitative methods enable the design and redesign of 
the research structure [8]. Through design structure iteration, the researcher is allowed 
sufficient freedom to decide on a structure that is consistent for their needs [9]. An 
example is increasing sample size in a survey when skewed results are attained.  
The disadvantages of a qualitative research approach are listed as:  
 Data attained can be highly subjective [10]. By the use of inappropriate sampling, choice 
of interviewees and predisposed notions on topics the assessment of contextual data can 
lead to misleading results [11]. 
 Qualitative research findings are often difficult to present in an easily observable manner 
like a graph of quantitative results [12].  
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 Qualitative research may not always be accepted as the primary source of results but 
rather as a supplementary to quantitative research [12].  
Four qualitative research methods were chosen; feasibility study, Quality Function Deployment 
(QFA), market analysis and Failure Modes and Effects Analysis (FMEA). These methods are 
depicted in Figure 3-1 and discussed below in order to describe the outcome and result that can 
be obtained from these qualitative techniques.  
 
Figure 3-1: Qualitative methods employed  
 
3.2.1 Feasibility study 
This feasibility study refers to the viability of providing solar powered water desalination systems 
to the everyday municipal water consumer. Feasibility studies answer the questions: “Can this be 
done?” and “Should this be done?” [13]. The method involved a survey of members of the 
population to ascertain their opinions and views on the use of desalinated water as opposed to 
municipal water, the need for alternative water supply methods and willingness to invest in such 
technologies. Figure 3-2 is a radial diagram that lists the subsections a feasibility study may 
include. Note however, that this study was not limited to these constituents.  
 




Feasibility Study Quality Function Deployment Market Analysis 















The main focus of the feasibility study to be carried out was user willingness and need, financial 
and site analysis.  
3.2.2 Quality function deployment  
QFD is a systematic method in which the customers’ needs are identified such that product 
specifications can be tailored to meet these requirements [14]. The diagram in Figure 3-3 is a 
graphical representation of the QFD often referred to as the House of Quality [15].  
 
 
Figure 3-3: QFD House of Quality  
The QFD is completed by the project designer. Certain needs can be prioritised by the designer 
as it is his/her opinion what the consumer values. The QFD will be used to identify the 
requirements of the customer in conjunction with the results attained through the feasibility study.  
3.2.3 Market analysis  
The market analysis generally forms a part of the feasibility study however it can be a standalone 
technique to both qualitatively and quantitatively assess the market that a system intends on 
entering. A common tool utilised to study a market is a SWOT (strengths, weaknesses, threats, 





Figure 3-4: Generic SWOT analysis  
An in-depth SWOT analysis can be used to strategically enable an individual to develop a system 
that targets specific market segments built on competitor shortcomings and identify proven 
operational techniques [17].  
3.2.4 Failure modes and effects analysis  
FMEA is a qualitative approach to assess quantitative quantities that may affect a system. A 
FMEA aims to be proactive in identifying possible failure modes and their probable effects on 
the system [18]. The results of a FMEA can be used to optimise the design, decide on mitigating 
methods and provide future design recommendations. Figure 3-5 is the process used during an 
FMEA [19].  
 
Figure 3-5: Failure Modes and Effects Analysis logical flow diagram 
FMEA is a vital tool in the design of a system as it can help a creator meet operational, 
maintenance and cost targets [20].  
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 Quantitative approach 
Research by [21] describes quantitative research as the use of mathematical methods to analyse 
data collected and thus explain and gain an understanding of a specific phenomenon. The aim of 
this type of research is to quantify using numerical values the constraints, performance and 
specifications, amongst others, of a system [22]. Sources of quantitative data are attained through 
analytical, experimental, computational and even qualitative analysis [23].  
The advantages of a quantitative research approach include:  
 Time to analyse data can be reduced by the use of statistical software [24]. 
 Control variables/groups can be utilised to provide a comparison and aid in results 
validity [22]. 
 Can be used to discern key performance indices in technical research. This can allow 
individuals to easily recognise whether objectives were met and if the project was a 
success or failure.  
 Quantitative methods can be designed to remove the influence of human behaviour, 
interaction and subjectivity [25], allowing an individual to model ideal situations. 
The disadvantages to a quantitative research approach are listed as: 
 The phenomenon is not always observed under natural circumstances, which can 
negatively affect results [26]. 
 As the approach is predetermined in structure, linearity and inflexibility it does not always 
allow for creative and imaginative thinking [27]. As such, the data collected is set to either 
accept or reject the predetermined notion [28].  
 In the technical environment quantitative results are more readily accepted.  
Three quantitative research methods were chosen: analytical modelling, Computer Aided Design 
(CAD) and computational modelling. These methods are depicted in Figure 3-6 and discussed 


















3.3.1 Analytical modelling  
Analytical modelling involves the use of mathematical models to explain, understand, simulate 
and predict the behaviour of a system, process or function [29]. Analytical modelling can be 
categorised into three main techniques [30]: 
 Regression analysis – a regression analysis allows the researcher to understand the 
relationship between a dependent and one or more independent variable(s) [31].  
 Grouping methods – is an approach in which results or observations are grouped or 
categorised [32].  
 Multiple equation models – extends the observable path of regression analysis through 
analysing multiple variables simultaneously [33]. 
3.3.2 Computer aided design  
CAD is a software tool that can be used to model a system in two or three dimensions in a 
homogenous coordinate system by producing drawings such as orthographic and sectional views, 
assembly and isometric drawings and other graphical representations [34]. The CAD models 
produced in this study will be utilised in the computational model by importing the geometry. 
3.3.3 Computational modelling  
Computational models make use of mathematical and physical principles through computer 
science to study, analyse, simulate and understand the behaviour of systems [35].  
The ANSYS® computational software utilises the iterative algorithm shown in Figure 3-7 to solve 
the governing equations of a fluent system [36]. Using computational software to solve fluent 





Figure 3-7: Example of computational software solving algorithm 
 
Results obtained through computational analysis can provide a worthy data set to compare to 
values acquired via analytical modelling.  
3.3.4 Experimental modelling  
Experimental modelling is a scientific or structured procedure in which the environmental 
conditions of a system are controlled through certain treatments while an experimental variable(s) 
is observed [37]. Often the aim of experimental modelling is to test hypotheses, demonstrate a 
known behaviour or verify system performance. There are four main types of experiments that 
are carried out to achieve the above-mentioned description [38]: 
1) True experiments 
2) Quasi-experiments 
3) Single-subject experiments 
4) Non-experiments 
The main issue that arises during the experimentation process is the impact of error and 
uncertainty on the results ascertained. Figure 3-8 describes the types of error that often affect 
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experimental modelling [39]. Error should be mitigated where possible to enhance the validity of 
the results attained.  
 
Figure 3-8: Types of experimental error 
 Methodology process flow  
The following methodology (Figure 3-9) was used in the research, design, analysis and evaluation 
of the solar powered water desalination system. Both the qualitative and quantitative approaches 
will be listed and discussed hereafter. These formed a guideline for the research carried out.  
Systemic Error
• Poor Instrumentation 
• Bad calibration
Random Error
• Indeterminate error 
• Unknown cause 
Personal Error
• Observer bias




Figure 3-9: Research methodology flowchart  
 Discussion 
The research methodology constructed enforces a better balance between qualitative and 
quantitative research styles. Generally, engineering research is heavily quantitative and rarely 
utilises a qualitative approach to aid in the research and design process. The methodology in this 
study made use of a four-part qualitative approach and a four part quantitative approach. The 
qualitative approach made use of three conventional qualitative engineering tools. The 
quantitative approach utilised various modelling and design techniques to obtain results.  
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The qualitative approach consisted of a feasibility study, QFD, market analysis and FMEA. The 
feasibility study was carried out in the form of a research questionnaire supplied to members of 
the general public. The aim of the feasibility study was to classify public opinion on “can”, 
“should” and “how” research and design be accomplished. The QFD made use of the researcher’s 
opinion on customers’ needs when calculating the importance of certain design features and 
requirements. The results of a QFD play a role during the mechanical design process when 
selecting system characteristics such as material, size and set up. Market analysis is a tool often 
used in the engineering design process as it allows for a benchmark for design to be established. 
The researcher can qualitatively compare the proposed design concept with systems that have 
already been manufactured and tested and these devices can be encompassed in the QFD process, 
as required. An FMEA is a deductive approach to design. The researcher can theorise possible 
failure modes of the design concept and then systematically categorises the importance of such a 
failure. The objective is to either mitigate the failure mode through design changes or establish 
the likelihood and factor this into a maintenance strategy.  
Analytical, computational and experimental modelling alongside CAD makes up the quantitative 
approach of the research methodology. Often, only a select few of these research tools are utilised. 
However, it is important to provide a comparison of results as each modelling technique comes 
with its associated strengths and weaknesses. An analytical model serves to solve the relevant 
governing equations of a system via various means. These governing equations can be categorised 
through a regression analysis, grouping method or multiple equations model. The analytical 
model approximates system conditions and attempts to factor in unideal factors e.g. wind on a 
solar still slope. CAD enables the visualisation of the system so that it can be utilised as a 
geometry for the computational model. Computational modelling integrates computer science, 
physical science and engineering to simulate the behaviour characteristics of systems. It provides 
an amalgamation of analytical modelling and CAD. The system governing equations are solved 
after various conditions are proposed and the behaviour results output both visually and 
numerically. An experimental analysis allows the researcher to set up a structured procedure while 
the behaviour of the system is observed under specific conditions. In this case, the solar powered 
water desalination plant test rig was utilised in the experimentation process to serve as a 
benchmark to which current and proposed system output results could be compared.  
 Summary of chapter  
A description of the methodology to be utilised during the study was presented. Qualitative and 
quantitative research approaches were discussed along with their advantages and disadvantages. 
The various types of qualitative and quantitative research approaches to be used were mentioned. 
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CHAPTER 4: FEASIBILITY STUDY  
 Introduction 
A feasibility and customer opinion study was carried out. As part of the qualitative approach to 
the methodology, members of the general population were asked to complete a survey. The survey 
included basic information about the individual, their knowledge on water usage and scarcity in 
the region, alternative means of water supply and implementation within South Africa and lastly, 
their views on the viability of desalination systems for everyday use. 
 Sample size  
When carrying out a survey one of the main factors that affects the reliability of results is the 
sample size of a survey which is the minimum number of individuals required to participate to 
yield a reliable result. In statistical analysis there is a generalised method to calculate this sample 
size, as given by [1]:  
 
𝑛 =  




𝑛 = 𝑆𝑎𝑚𝑝𝑙𝑒 𝑠𝑖𝑧𝑒  
𝑍 = 𝐶𝑜𝑛𝑓𝑖𝑑𝑒𝑛𝑐𝑒 𝑙𝑒𝑣𝑒𝑙  
The confidence level is generally chosen as 95%. As such the corresponding Z-score can be taken 
from Table 4-1 [2].  
Table 4-1: Confidence level: Z-score  






𝑝 = 𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑝𝑟𝑒𝑣𝑎𝑙𝑒𝑛𝑐𝑒  
This is given as 50 % or 0.5.  
𝑒 = 𝑀𝑎𝑟𝑔𝑖𝑛 𝑜𝑓 𝑒𝑟𝑟𝑜𝑟  
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Margin of error is chosen by the researcher. A smaller margin of error generally results in a more 
reliable set of results. A margin of error between 5 % to 10 % is acceptable [3]. Margin of error 
(e) was therefore taken as 10 %.  
Given that: 
𝑍 = 1.96  
𝑝 = 50 % = 0.5  
𝑒 = 7.5 % = 0.075 
Based on these figures, the sample size for the survey can be calculated using Equation (4-1). 
This sample size will be the minimum number of individuals that need to complete the survey for 
results to be deemed reliable.  
𝑛 =  
(1.96) × 0.5(1 − 0.5)
(0.10)
= 96.04 
The result from the calculation shown above outputs a value of 96.04 which was rounded off to 
the next integer. The sample size therefore was set at 97 individuals and 100 completed the survey.  
 Research survey  
The self-administered research survey that was designed, compiled and sent to individuals can be 
found in Appendix B.1. The online platform Google Forms was utilised to distribute the survey. 
The questionnaire consisted of 29 questions in total under the following headings: 
1) Personal information  
2) State of water resources 
3) Alternative sources of water  
4) Future of desalination  
 Results 
The section provides the results obtained from the 100 respondents that completed the survey. 
The results for the feasibility study survey are structured as follows: 
1) Question 
2) Table with numerical results summary 




Age of respondents  
Question: Age 
Table 4-2: Summary of ages of respondents  
Age Number Age Number Age Number Age Number 
18 1 27 6 36 0 45 0 
19 1 28 4 37 2 46 0 
20 5 29 3 38 1 47 0 
21 6 30 3 39 0 48 1 
22 9 31 4 40 1 49 0 
23 19 32 2 41 0 50 1 
24 12 33 2 42 0   
25 6 34 3 43 1 56 1 
26 6 35 0 44 0   

























































Question: Highest qualification completed  
Table 4-3: Summary of highest qualification of respondents  
Highest qualification Number/Percentage of respondents 
Grade 12 22 
Higher certificate / Diploma 11 
Bachelor’s degree (Including Honours) 55 



















Question: City of residence 
Table 4-4: Summary of geographic location of respondents  
City Number/Percentage of respondents 
Cape Town 5 






Pretoria  3 
















































Question: Number of individuals in your household 
Table 4-5: Summary of household size 
Number of individuals in respondent’s 
household 










































Number of individuals in respondents household
57 
 
Understanding of potable water 
Question: What is your understanding of what potable water is? 
Table 4-6: Summary of respondents’ understanding of potable water 
Understanding Description on graph 
Number/Percentage of 
respondents 
Good understanding  Yes 49 
Wrong understanding  No 14 
Unclear understanding  Ambiguous 18 
















Source of drinking water 
Question: What is the primary source of drinking water at your residence? 
Table 4-7: Summary of sources of water at respondents’ residences 
Source of water Number/Percentage of respondents 
Municipality  91 



















Perception of safety of municipal water 
Question: On a scale of 1 to 10 - how safe for consumption is the water supplied by your 
municipality? 
Table 4-8: Summary of municipal water safety rating by respondents  
Rating Description Number/Percentage of respondents 
1 Not safe for consumption  0 








10 Extremely safe for consumption 20 



































Safety of municipal waterWhere 1 is not safe for consumption




Scarcity of water resources in our country  
Question: On a scale of 1 to 10 - how scarce are water resources in South Africa? 
Table 4-9: Summary of water resources scarcity ratings by respondents  
Rating Description Number/Percentage of respondents 
1 Extremely scarce  1 








10 Not scarce at all  2 

































Scarcity of water resources in South AfricaWhere 1 is 
extremely scarce
Where 10 is 
not scarce at all
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Daily water consumption 
Question: How many litres of water do you drink per day? 










Less than 1 litre
1 litre - 1.99 litres
2 litres - 2.99 litres
3 litres - 3.99 litres
Greater than 4 litres
Range of water consumption per day Number/Percentage respondents 
Less than 1 litre 11 
1 litre - 1.99 litres 50 
2 litres - 2.99 litres 33 
3 litres - 3.99 litres 5 
Greater than 4 litres 1 
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Daily water usage 
Question: How many litres of water, would you estimate, do you use per day in total to complete 
everyday tasks? 












Less than 10 litres
10 litres - 24.99 litres
25 litres - 49.99 litres
50 litres - 74.99 litres
75 litres - 99.99 litres
More than 100 litres
Range of water usage per day Number/Percentage respondents 
Less than 10 litres 6 
10 litres - 24.99 litres 27 
25 litres - 49.99 litres 21 
50 litres - 74.99 litres 21 
75 litres - 99.99 litres 11 
More than 100 litres 14 
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South Africans with access to safe drinking water 
Question: What percentage of South Africa's population has access to a supply of safe drinking 
water? 
Table 4-12: Summary of respondents’ perception of percentage of South African’s with access to 

















Range of individuals access to safe drinking 
water 
Number/Percentage respondents 
Less than 30% 13 
30% - 49.99% 37 
50% - 69.99% 29 
70% - 89.99% 17 
90% - 94.99% 3 
More than 95% 1 
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Conservation of water 
Question: On a scale of 1 to 10 - how much do you attempt to conserve water during your daily 
activities? 
Table 4-13: Summary of respondents’ attempts to save water 
Rating Description Number/Percentage of respondents 
1 Not conservative at all 2 








10 Extremely conservative  6 

































Conservation of water during daily activties Where 1 is not
conservative at all 




Measures to ensure water conservation  
Question: Do you believe that there are sufficient measures in place to ensure the delivery of safe 
drinking water for current/future generations in South Africa? 
Table 4-14: Summary of respondents’ perception of measures to ensure water conservation for the 
future 






Figure 4-13: Respondents’ belief that there are sufficient measures in place to ensure conservation 








Best alternative to municipal water 
Question: Which means of water supply is the best alternative to the municipal water supply? 
Table 4-15: Summary of respondents’ preferences for alternative water supply 
Water production method Number/Percentage of respondents 
Rainwater 24 
Borehole 35 
Reclaimed/grey water 4 
Desalination 24 
River/Lake 8 






































Potable water production method  
Question: Which method of potable water production do you prefer? 
Table 4-16: Summary of respondents’ preferred potable water production method 
Potable water production method Number/Percentage of respondents 
Filtration 34 
Ultraviolet irradiation 10 
Boiling 27 
































Potable water production method
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Understanding of desalination 
Question: What is your understanding of desalination? 
Table 4-17: Summary of respondents’ understanding of desalination 
Understanding Description on graph 
Number/Percentage of 
respondents 
Good understanding  Yes 56 
Wrong understanding  No 7 
Unclear understanding  Ambiguous 17 
















Most effective and efficient desalination technique 
Question: Which do you believe is the most effective and efficient method of desalination? 
Table 4-18: Summary of respondents’ belief regarding the most effective and efficient desalination 
method 
Desalination method Number/Percentage of respondents 
Electrodialysis 6 
Solar distillation 12 
Humidification-dehumidification 1 
Reverse osmosis 32 


















Awareness of desalination plants in South Africa 
Question: Are there any large-scale desalination plants in South Africa supplying drinking water 
to the general population? 
Table 4-19: Summary of respondents’ awareness of largescale desalination plants in South Africa 
Awareness Number/Percentage of respondents 
Yes 20 
No 21 





































Investment in alterative water sources  
Question: Do you believe there is sufficient investment in finding and implementing alternative 
means of supplying water in South Africa? 
Table 4-20: Summary of respondents’ perception of investment in alternative water sources  














Willingness to purchase alternative water production devices 
Question: If given the opportunity, would you purchase a desalination device for your 
household/business to become partially or completely independent of the municipal water supply? 
Table 4-21: Summary of respondents’ willingness to purchase desalination devices  














Factors guiding purchase of desalination device  
Question: What would be the deciding factor guiding your above decision? 
Table 4-22: Summary of deciding factor guiding decision purchase of desalination device  
Deciding factor Number/Percentage of respondents 
Input energy requirements 5 
Start-up costs 42 
Size, noise and aesthetics 4 
Maintenance requirements 14 
Output water quality 24 
Volumetric output 3 







































Desalination is the answer to future water shortages 
Question: Do you believe desalination is the answer to current/future water shortage issues that 
may arise in South Africa? 
Table 4-23: Summary of respondents’ perception on desalination as the solution of future water 
shortages  














Powering desalination devices  
Question: What alternative energy source, do you believe is the best means of powering 
desalination systems? 
Table 4-24: Summary of respondents preferred source of power for desalination device  









































Solar energy in South Africa  
Question: If solar energy was used to power a desalination system, do you believe South Africa 
receives sufficient solar irradiation on average per year to make the process viable? 
Table 4-25: Summary of respondents’ belief of the applicability of solar energy in South Africa  
Applicability of solar energy Number/Percentage of respondents 
Yes 74 
No 9 




Figure 4-24: Applicability of solar energy in South Africa  
 Discussion 
The survey was taken on the online platform Google Forms to aid in the data collection process. 
The sample size for the feasibility study was calculated to be 97 individuals with a margin of error 
of 10 %, confidence level of 95 % (as listed in Table 4-1) and estimated prevalence of 50 %. The 
research questionnaire consisted of 29 questions heading the headings: personal information, state 
of water resources, alternative sources of water and future of desalination. In total, 100 
respondents completed the feasibility study questionnaire via the online platform Google Forms. 
The average age of the respondents was approximately 27 years old (Table 4-2), with more than 
66 individuals having attained a bachelor’s degree or above Figure 4-2. The majority (74 %) of 









Table 4-4). The mean household size was approximately four individuals (Table 4-5). Of the 100 
responders, 49 had a good understanding of what potable water is while 14 and 19 individuals 
respectively either had the wrong understanding or did not know what potable was (Figure 4-5). 
91 % of people relied on the municipality for the drinking water (Figure 4-6) with others 
depending on other means such as rainwater, borehole water and river water (Table 4-7). 98 % 
agreed that water supplied by their municipality was safe for consumption (Figure 4-7). 83 
respondents used 1 litre to 2.99 litres for drinking per day (noted in Figure 4-9), and 69 % used 
between 10 litres and 74.99 litres of water per day in total to complete everyday tasks (Table 4-
11). Most individuals believed that a small percentage of South Africans have access to safe 
drinking water, with 66 % estimating this to be between 30 % and 69.99 % (Figure 4-11). 
However, this is not the case, as in 2017 the Department of Water and Sanitation published a 
figure of 88.6 % having access to water [4]. On average, most respondents rated their water 
conservation at a 7 (Figure 4-12), where 1 was not conservative at all and 10 was extremely 
conservative. Alarmingly, 84 of out 100 persons perceived that there aren’t sufficient measures 
in place to ensure the delivery of safe drinking water for current/future generations in South Africa 
(Table 4-14). Desalination placed second to borehole water as the preferred alternative to 
municipal water (Figure 4-14). The largest proportion of respondents (34 %, Table 4-16) elected 
filtration as the preferred means of potable water production. 56 % of survey takers had a good 
knowledge of what desalination was, although 27 % did not know or had the wrong understanding 
of desalination (Figure 4-16). Reverse osmosis and solar distillation are believed to be the two 
most efficient and effective desalination methods (Table 4-18). Impressively, 85 % of respondents 
believed that desalination was the answer to future water shortages (Figure 4-22), and 80 % 
expressed an interest in purchasing a desalination device (Table 4-21) for either their household 
or business with 42 % noting start-up cost as the biggest deciding factor on whether they would 
purchase the device or not (Figure 4-21). Solar energy was the most popular choice to power such 
desalination devices, amassing 79 % of positive responses (Table 4-24). Using the feasibility 
study as a guide, it would appear that there is a great desire amongst citizens to become 
independent of municipal water supply and desalination devices powered by solar energy are their 
preferred alternative method of producing potable water.  
 Summary of chapter  
A feasibility study was carried out, in which 100 participants completed a research questionnaire 
regarding water supply and alternative means of producing potable water in South Africa. There 
were 29 questions and the results were summarised and graphed. The implications of these results 
were discussed.  
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CHAPTER 5: QUALITY FUNCTION DEPLOYMENT  
 Introduction 
QFD is a tool for customer inspired product development. It enables the engineer to design a 
product bearing in mind the end users’ needs. Technical decisions can be made using the results 
of a QFD. The QFD was completed on a template which was sourced online [1]. The QFD that 
was carried out for the solar still can be seen in Appendix B.2. The following steps were used to 
complete the QFD, as depicted in Figure 5-1.  
 
Figure 5-1: Quality Function Deployment steps  
Choose target values for technical parameters
Analyze competitor product against technical parameters 
Calculate technical importance rating of each technical parameter 
Find correlation between the different technical parameters 
Determine how customer needs are related to technicals parameters 
Decide on direction of improvment for technical parameters
List parameters that designer can change/control
Rate how competitors meet customer needs




 Results  
QFD enables the user to gain insight into what the customer wants and how design parameters 
can be tailored to maximise desired needs while minimising negative system specifications. The 
customer requirements are the needs of the consumer; the relative weight of each need dictates 
the most important requirements. The relevant results from this study are illustrated in Table 5-1 
and Figure 5-2. 
Table 5-1: QFD customer requirements weighting  
Customer Requirements 
(Explicit and Implicit) 
Customer Importance Relative Weight (%) 
Start-up costs 10 11 
Volumetric output 9 10 
Input energy requirements 4 4 
Size 3 3 
Noise 5 5 
Maintenance requirements 6 6 
Maintenance costs 8 9 
Water taste 8 9 
Device working life 5 5 
Autonomy  3 3 
Safety of output water 8 9 
Thermal efficiency  2 2 
Aesthetics 4 4 
Reliability (365 days a year) 6 6 
Consistency of volumetric output 6 6 






Figure 5-2: Relative weight of customer requirements from QFD 
The functional requirements are the system parameters controlled by the designer; the relative 
weight of each parameter dictates the most important requirements. The relevant results from this 
study are illustrated in Table 5-22 and Figure 5-3.  
Table 5-2: QFD functional requirements weighting  
Functional Requirement Technical Importance Rating Relative Weight (%) 
Materials 425.5 7 
Manufacturing techniques 261.7 4 
Insulation 463.8 8 
Dimensions 225.5 4 
TDS of input water 527.7 9 
Coating of material 444.7 7 
Weight  231.9 4 
Basin water depth 491.5 8 
Roof slope 370.2 6 
Input and output water tanks 425.5 7 















































Orientation of still 289.4 5 
TDS of output water 421.3 7 
Reflectivity of glass cover 453.2 7 
Length of input pipe 257.4 4 
Shape of still  574.5 9 
 
 
Figure 5-3: Relative weight of functional requirements from QFD 
 Analysis of the quality function deployment  
The technical importance rating, which is calculated within the QFD, can be utilised as a keynote 
factor when designing a solar still. A technical importance rating of 450 was arbitrarily chosen as 
a benchmark to isolate important design considerations found through the QFD process. Using 
this rating the following features were noted to be most important in the design of the solar still: 
1) Insulation 
2) TDS of input water 
3) Basin depth 






























TDS of output water
Reflectivity of glass cover

















  Discussion  
A generic QFD fulfilment process flowchart (Figure 5-1) was drawn up and utilised. An eight-
part QFD was completed for the improved boiler still design. The results obtained from the QFD 
rank the importance of customer requirements (explicit and implicit) and functional requirements. 
The customer requirements are the characteristics of the design that are most important to the 
consumers. The five highest relative weights for customer requirements as per Table 5-1: start-
up costs (11%), volumetric output (10%), safety of output water (9%), water taste (9%) and 
maintenance costs (9%). These are graphically depicted in Figure 5-2. Thus, it is evident that the 
consumers’ fundamental concern is cost, either initial investment or service costs. The device had 
to be designed in a manner that would allow for easy and affordable production while also 
requiring minimal maintenance. Volumetric output is also heavily weighted, as the consumer is 
not willing to make an upfront investment in a device that is not capable of fulfilling their daily 
water consumption requirements. Water quality is another major concern, so output water needs 
to be safe to drink without fear of contamination. The four highest relative weights for functional 
requirements as per Table 5-2 were: shape of still (9%), TDS of input water (9%), basin water 
depth (8%) and insulation (8%). These are graphically depicted in Figure 5-3. Still shape is 
directly related to productivity, as noted in section 2 of Chapter 8. However, often the best 
performing still shapes are the most expensive to manufacture. It is therefore necessary to 
compromise on either cost or volumetric output when selecting still shape but referring back to 
customer requirements it is clear that start-up costs were weighted higher than volumetric output. 
For this reason, still shape was chosen for the experimental phase with cost in mind. TDS of input 
water, as noted in section 2 of Chapter 8, is inversely proportional to volumetric output. It is 
therefore necessary to minimise the TDS of input water to improve system performance 
characteristics. A maximum TDS of 35 000 ppm is suggested, which can encompass fresh, 
brackish and normal seawater. Basin water depth is imperative in determining volumetric output. 
Basin water depth is limited to 150 mm, ideally 50 mm in autumn and winter months. Lastly, 
insulation of the solar still is a functional requirement of great importance. Insulation improves 
operational performance by increasing thermal efficiency toward the later part of the day by 
trapping heat inside the still. However, this works both ways because it could hinder heat energy 
entering the still in the morning. Insulation was therefore disregarded in terms of the new boiler 
still design.  
  Summary of chapter  
A QFD was carried out as part of the qualitative approach of the system design. The completed 
QFD is shown in Appendix B.2 and an analysis of the outcomes carried out with design 
recommendations made. The results of the QFD were examined.  
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CHAPTER 6: MARKET ANALYSIS  
 Introduction 
A market analysis was carried out, in which three double slope solar still designs were identified. 
The solar stills discussed below can be regarded as market competitors. Their working principles, 
key design features, performance characteristics, results obtained and limitations are noted. These 
provided valuable insights as a benchmark for design and performance characteristics for the 
research that was carried out.  
 Double slope solar still – Competitor A  
[1] have designed, developed and tested a double slope solar still unit, as seen in Figure 6-1. The 
still performance was tested in Tulsande, located in the Maharashtra, India. Testing was carried 
out over an eight hour period using brackish water with a TDS of 364 ppm.  
 




Table 6-1 provides a summary of the design specifications, testing conditions, performance 
characteristics and results obtained.  
Table 6-1: Summary of competitor A  
Parameter Value/Description Unit 
Design Specifications  
Length  836 mm 
Breadth  836 mm 
Height  185 mm 
Glass thickness  3.5 mm 
Glass cover angle  15 degrees  
Testing 
Basin water TDS 364 ppm  
Basin water depth  20 mm 
Maximum ambient operating 
temperature 
40 °C 
Daily average insolation 20.81 × 106 J.m-2 
Maximum solar radiation 786 W/m2 
Testing period 8 hours 
Performance Characteristics and Results  
Volume of distilled water  1.6 L/day 
Distilled water TDS 30  ppm 
Distilled water pH 7.5 None  
Condensate temperature  29 °C 
Overall efficiency  22.33 % 
 
The identifiable limitations in design and testing are as follows: 
 Low water production in spite of favourable ambient temperatures  
 Ineffective insolation of still 
 Vapour and thermal losses through inlet and outlet water pipes 
 Not testing for optimal basin water depth 
 Relatively small collector size 
 Different still orientations were not attempted 
 Double slope solar still – Competitor B 
[2] have undertaken research into modified double sloped solar stills. A modified double slope 
still with a multi-wick addition was designed, manufactured and tested. The system was tested in 
Prayagraj, located in Uttar Pradesh, India. Experimentation was carried out in September and 
November 2015. The design included a multi-wick which is aimed at enabling capillarity thus 




Figure 6-2: Competitor B 
Table 6-2 provides a summary of the design specifications, testing conditions, performance 
characteristics and results obtained. 
Table 6-2: Summary of competitor B 
Parameter Value/Description Unit 
Design Specifications 
Length  2000 mm 
Breadth  1000 mm 
Height  380 mm 
Glass thickness (acrylic) 3 mm 
Glass cover angle  15 degrees 
Wick thickness  5 mm 
Testing 
Basin water TDS 550 ppm 
Basin water depth  50 mm 
Maximum solar radiation (September) 1100 W/m2 
Maximum solar radiation (November) 880 W/m2 
Testing period 12 hours 
Performance Characteristics and Results  
Volume of distilled water (September) 3.624 L/day 
Volume of distilled water (November) 2.4 L/day 
 
The identifiable limitations in design and testing are as follows: 
 Different still orientations were not attempted 
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 Not testing for optimal basin water depth 
 Vapour and thermal losses through inlet and outlet water pipes 
 Ineffective insolation of still 
 Increased maintenance requirements 
 Fouling of wick material  
 Possibility of organic growth in wick  
 Double slope solar still – Competitor C 
A conventional double slope solar still was designed, fabricated and tested by [3], as depicted in 
Figure 6-3. Testing of the prototype took place near Nairobi, located in Kilifi County. Kenya. 
Testing took place over a 21 day period from 19 September 2018 to 9 October 2018.  
 




Table 6-3 provides a summary of the design specifications, testing conditions, performance 
characteristics and results obtained. 
Table 6-3: Summary of competitor C  
Parameter Value/Description Unit 
Design Specifications  
Length  1500 mm 
Breadth  790 mm 
Height  244 mm 
Glass thickness  4 mm 
Glass cover angle  15 degrees  
Testing 
Basin water TDS 660 ppm  
Basin water depth  20 mm 
Mean ambient operating temperature  27.89 ºC 
Daily average insolation 19.8 × 106 J.m-2 
Testing period 8 hours hours 
Performance Characteristics and Results  
Volume of distilled water (mean) 1.51 L/day 
Distilled water TDS (mean) 31 ppm 
Distilled water pH (mean) 6.49 None  
Overall efficiency (mean) 16% % 
 
The identifiable limitations in design and testing are as follows: 
 Low water production in spite of favourable ambient temperatures  
 Ineffective insolation of still 
 Not testing for optimal basin water depth 
 Different still orientations were not attempted 
 Thermal leakage noted in results 
 Relatively low to moderate operational temperatures 
 Benchmark for SWOT analysis  
By utilising the three competitors as benchmarks for the SWOT analysis, the strengths, 
weaknesses, opportunities and threats to the use of solar stills as an alternative method for 




Figure 6-4: SWOT analysis of solar stills  
 Examination of SWOT analysis  
Measures to build on strengths and utilise opportunities  
Maintenance can be streamlined through efficient system design enabling quick and effective 
maintenance and cleaning of system. Through a FMEA (see Appendix B.3), a maintenance 
checklist can be developed stating issues that may arise with components, and how often to check 
for and fulfil maintenance requirements.  
Consistent research and development in the field can motivate proprietary interests in such 
systems. New or recycled materials can be researched and tested to be used in system design and 
fabrication. In this manner, manufacturing and start-up costs can be minimised.  
Strengths
• Ability to handle fresh and seawater 
• Relies soley on solar radiation 
• Requires minimal major maintenance 
• Relatively low start-up/manufacturing costs
• Does not require consistent supervision (semi-autonomous operation)
Weaknesses
• Requires large area for increased production 
• Thermal and vapour leakage issues (low thermal efficiency) 
• Does not remove all bacteria and chemical compounds found in water
• Cannot operate in cold climates and at night 
Opportunities
• Movement to find alternative sources of drinking water
• Investment in renewable energy
• Consistently developing research field
• Water scarcity in the region 
Threats
• Insufficient information on desalination available to public
• Skilled/semi-skilled individuals to manufacture system
• Availability of materials
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By proving concepts, testing prototypes and attempting new design approaches such systems can 
be optimised and to increase production yields and attract government investment.  
Measures to overcome weaknesses and mitigate threats  
Improve thermal efficiency through enhanced system insulation. Introduction of water before or 
after treatment to deal with the concerns of bacterial/chemical composition. Operational periods 
of the solar still can be increased through implementation of various energy storage methods.  
System can be designed to include readily available materials while requiring simple 
manufacturing and assembly thus enabling fabrication by an increased number of individuals.  
 Discussion 
The market analysis explored three double slope solar still designs and summarised their 
characteristics under the following headings: design specifications, testing conditions and 
performance results. The aim of this exercise was to ascertain the strengths and weaknesses in 
each design. The strengths were to be built on and incorporated into the improved boiler still for 
the test rig whereas the weaknesses would be mitigated or eliminated altogether if possible. 
Competitor A can be seen in Figure 6-1. Table 6-1 summarizes its characteristics; the overall 
efficiency of the square 15º sloped system was noted as 22.33 % with a maximum volumetric 
distillate output of 1.6 L/day. Competitor B – depicted in Figure 6-2 – produced the most 
promising results attaining a volumetric output rate of 3.624 L/day with a basin water TDS of 550 
ppm noted in Table 6-2. Competitor C registered a volumetric output of 1.51 L/day in Table 6-3 
but this can be attributed to the larger still area shown by Figure 6-3.  
The market analysis identified three double slope solar still designs that were manufactured and 
tested. The limitations of each design were summarised which then formed the basis of the SWOT 
analysis completed in Figure 6-4. The SWOT analysis tool provided insight not only into 
desalination system design but also how desalination devices can be positioned in the market. 
Often time and resources are expended in product design and development but there is no 
realisable market segment for these products to fill and as such they fail to become profitable. 
The outcomes of the analysis can be utilised throughout the supply chain of desalination devices. 
The strengths of the double slope still design identified include: the ability to handle both fresh 
water and sea water, reliance only on solar radiation and comparatively low start-up cost. The 
large area required for increased production, thermal and vapour leakage issues and the inability 
to operate in cold climates and at night were the major weaknesses noted. Africa, the Middle East 
and Australia were noted as water scarce regions in Chapter 2. This provides a niche for 
desalination systems to fill. New largescale desalination projects have been noted in the Western 
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Cape province of South Africa and most parts of the Middle East with many others in Australia, 
North America and Africa. With an ever-growing consciousness of chemical and toxins that 
people ingest, alternative means of producing potable water has also arisen as a popular topic. 
Leveraging awareness of regional water scarcity and consumer health awareness, household 
desalination devices can readily increase market share, especially in developing countries in 
which piped water infrastructure does not yet exist. The main threat to household desalination 
devices is the lack of information regarding what desalination is and the available methods (as 
noted in the results of question 16 of the feasibility study). Furthermore, the availability of 
materials in certain regions may disallow mass and affordable production.  
 Summary of chapter  
The market analysis compares three implemented designs; the results of the market analysis were 
used as points of benchmark and examination of a SWOT analysis. The SWOT analysis identified 
design and operational limitations so that an improved design could be proposed. The results of 
the market analysis and SWOT analysis were examined. 
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CHAPTER 7: FAILURE MODES AND EFFECTS 
ANALYSIS  
 Introduction  
A FMEA is a systematic design approach that: 
1) Identifies potential failure modes 
2) Evaluates and characterises the failure mode 
3) Perceives methods to eliminate failure mode 
4) Strengthens safety  
5) Improves customer satisfaction  
6) Helps eliminate or at least mitigate potential design/process issues 
A FMEA template was sourced from the University of KwaZulu-Natal Design and Research 
Project 1 resources provided to students [1]. The FMEA that was carried out for the solar still can 





Figure 7-1: Failure Modes and Effect Analysis steps 
 Analysis of the Failure Modes and Effects Analysis 
The FMEA was carried out for the solar still. Values for severity, occurrence and detection were 
given qualitatively. These were used to calculate Criticality (C) and Risk Priority Number (RPN).  
7.2.1 Criticality  
Criticality is the measure of how critical a given failure mode can be. Criticality ranges from 1 
(best) to 100 (worst) and is calculated as follows: 
Re-evaluate to ensure goals have been met 
Design to eliminate high risk failure modes
Calculated criticality and risk priority number
Rate failure mode/root cause Detectability (D)
Indentify possible process controls 
Rate the root cause Probability of Occurence (O)
Complete a root cause analysis to pinpoint cause of failure mode
Rate effect Severity (S)
Discern outcome of failure and affected system components
Recognise failure modes 
Idenfity system parts/components 
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 𝐶 = 𝑆 × 𝑂 (7-1)  
7.2.2 Risk priority number  
RPN is the measure of how critical a failure mode is and the ability to detect and mitigate it. It 
ranges from 1 (best) to 1000 (worst) and is calculated as shown in Equation (7-2). 
 𝑅𝑃𝑁 = 𝑆 × 𝑂 × 𝐷 (7-2) 
Through a qualitative analysis of the RPN and C of the FMEA the greatest number of issues arose 
when input water TDS was too great. This led to fouling of the glass cover, basin and distillate 
trough. Fouling of these specific components led to poor output water quality, decreased thermal 
efficiency and reduced volumetric output – which were also key customer requirements noted in 
the QFD.  
As such, close attention to input water specifications needs to be paid. This can help decrease 
major performance inhibitors caused by input water TDS. Alternatively, a more rigorous 
maintenance strategy is required to deal with fouling in the event input water quality is out of the 
users’ control. However, it should be noted that maintenance requirements and cost are two other 
important customer requirement factors. It is therefore necessary for the user to decide which 
route will better suit operability for the individual.  
 Discussion 
The FMEA was carried out by qualitatively selecting ratings for severity, occurrence and 
detection. These are used to calculate the criticality and risk priority number. These two quantities 
were used to identify the items or functions that may fail. Thereafter, design changes and/or 
maintenance procedures were suggested accordingly to mitigate or eliminate their affects. The 
overall procedure followed can be found in Figure 7-1. The completed FMEA is located in 
Appendix B.3. Based on the results of the FMEA inlet water TDS and still orientation proved to 
be the two failure modes that had the most probable chance to cause system failure. Too high 
TDS registered an RPN of 210 and criticality of 30 while incorrect still orientation had an RPN 
and criticality of 140 and 35 respectively. A TDS range of 0 ppm to 35 000 ppm was suggested 
to address this failure mode thus ensure a new RPN and criticality of 175 and 25. This can be 
further decreased through a proper maintenance regime.  
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 Summary of chapter  
A FMEA was carried out and the results analysed. The FMEA was found to isolate design and 
operating parameters that may decrease the efficiency of the existing system. These results can 
be taken into consideration during the mechanical design phase. 
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CHAPTER 8: DESIGN THEORY AND ANALYTICAL 
ANALYSIS OF A SOLAR STILL 
The chapter reviews the theory behind still design and mathematical models used to analyse 
system performance. The system performance results obtained through the numerical solution of 
the mathematical model using MATLAB are for a double slope solar still operating in Durban, 
South Africa. The article has been accepted and will be published in the International Journal of 
Mechanical Engineering and Technology, IAEME Publications. 
To Cite this Article: Devesh Singh and Freddie L. Inambao, “Design Theory and Computational 
Analysis of a Solar Still”. International Journal of Mechanical Engineering and 
 Technology. 10(12), 2019, pp. 660-691. 
http://www.iaeme.com/IJMET/issues.asp?JType=IJMET&VType=10&IType=12 








































































The analytical mathematical model was solved by two MATLAB programs i.e. g_t.m and 
Main_Program.m. The algorithms and code used can be found in Appendix C. The programs 
employed an iterative approach in the solution of the mathematical model. Solar still design theory 
is first described and categorised in climatic conditions, design specifications and operational 
parameters, as noted in Figure 1 of the Chapter 8 journal article “Design Theory and Analytical 
Analysis of a Solar Still” – which is accepted and to be published by the International Journal of 
Mechanical Engineering and Technology. The analytical model presented in section 2.2 of 
Chapter 8 was solved through the use of two MATLAB programs, as seen in Appendix C.1. The 
results obtained from the model include the following performance indices: evaporative water 
temperature, glass cover temperature, ambient temperature, productivity and solar intensity. 
These are achieved by modelling the generic solar still seen in Figure 2 by the thermal network 
found in Figure 3. The analytical model was specific to Durban, South Africa, on the 15th of each 
month between 8 am and 6 pm. The solar radiation empirical constants A, B and C, listed in Table 
1, were taken for the eastern seaboard of South African in 2007 while the monthly Clearness 
Factors (KT) in 2011 for Durban, from Table 2, were also utilised in the solution of the 
mathematical model. The system temperature i.e. evaporative, glass cover and ambient 
temperatures were plotted on the same set of axes for each month of the year in Figure 4 to Figure 
39 while the results of each month can be found in Table 3 to Table 14. The first (January and 
February) and last two months (November and December) of the year recorded the highest 
temperatures for the analytical model. This can be expected as this coincides with the late spring 
and summer months in the southern hemisphere. Looking at the shape of the evaporative and glass 
cover temperature graphs, a bell shape relationship between time and temperature can be noted. 
Ambient temperature, however, expressed a more linear shape. An unanticipated still behavioural 
characteristic can be seen in the temperature vs. time plots; both evaporative water and glass cover 
temperature decrease after solar zenith at approximately 1 pm irrespective of ambient temperature 
remaining almost constant after this time. A proposed hypothesis related to this is: still 
productivity is more dependent on solar position i.e. direct solar radiation and minimal shadow, 
as opposed to ambient temperature. The still productivity plot across all 12 months displayed a 
similar smooth bell-shaped graph. Still productivity, much like the evaporative water and glass 
cover temperature, was at its maximum at 1 pm while the minimum productivity rate occurred 
either at 8 am or 6 pm. Solar intensity shared a similar graphical shape (bell shaped) but there was 
a much more drastic increase between 10 am to 12 pm and decrease between 2 pm and 4 pm. 
Much like the still temperatures and productivity, the maximum solar intensity occurred at 1 pm. 
The drastic increase and decrease of solar intensity were noted to be a factor attributable to the 
unanticipated still temperature characteristics. 70.33 °C and 54.66 °C were the maximum and 
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minimum evaporative water temperatures at 1 pm in February and June respectively. The highest 
glass cover temperature at 1 pm occurred in November at 66.94 °C while June glass temperature 
was the lowest measuring 51.47 °C. A maximum solar intensity of 888.16 kW/m2 at 1 pm was a 
recorded in February while the minimum value occurred in June with 689.89 kW/m2. Solar zenith 
still productivity peaked at 554.54 ml/m2.hr in February but only managed 283.60 ml/m2.hr in 
June.  
 Summary of chapter  
This chapter provided the theory behind the analytical model of the solar still. The performance 
indices, design considerations and operational parameters for the analytical model were described 
while the analytical mathematical model was derived. Results from the analytical model were 
summarised and provided in a table and/or graphical format. The results were considered and 




CHAPTER 9: DESIGN THEORY AND COMPUTATIONAL 
ANALYSIS OF A SOLAR STILL 
This chapter provides the theory behind computational modelling of the solar still. The design 
theory behind a Computational Fluid Dynamics (CFD) simulation is provided and simplified for 
a heat transfer model. The simulation process for an ANSYS® CFD model is included and the 
results of the computational model are evaluated. The article has been published in the 
International Journal of Mechanical Engineering and Technology, IAEME Publications. 
To Cite this Article: Devesh Singh and Freddie L. Inambao, “Design Theory and Computational 
Analysis of a Solar Still”. International Journal of Mechanical Engineering and 
 Technology. 10(11), 2019, pp. 72-95. 
http://www.iaeme.com/IJMET/issues.asp?JType=IJMET&VType=10&IType=11 


























































 Background  
This section provides a technical background of the computational model setup in the journal 
article presented in Chapter 9 titled “Design Theory and Computational Analysis of a Solar Still”. 
The information provided below allows for a greater understand on simulation design choices and 
are further discussed in Section 9.2.  
9.1.1  Flow characteristics  
A Computational Fluid Dynamics (CFD) simulation model is directly impacted by the following 
four flow characteristics [1]:  
1. Compressibility  
2. Laminar or turbulent flow 
3. Time dependence  
4. Viscous effects 
9.1.1.1 Compressibility  
Fluid can be regarded as either compressible or incompressible. A compressible flow is one that 
undergoes a considerable change in density as the fluid passes through a flow domain. The effects 
of fluid compressibility cannot be neglected for high speed flows. It is suggested that a fluid be 
regarded as compressible for Mach Numbers ˃ 0.3. In this case, density becomes as a dependent 
variable in the system governing equations. Fluids that are naturally incompressible or with Mach 
Numbers ˂ 0.3 can be regarded as incompressible.  
9.1.1.2 Laminar or turbulent flow 
A flow can be regarded as laminar, transitional or turbulent. The classification of flow can be 
done using the Reynolds Number (Re) of a flow. The Reynolds Number in which a flow can be 
regarded as turbulent is noted in Table 9-1 [2, 3]. 
Table 9-1: Reynolds number flow characteristics 
Flow Type Natural Flow Reynolds Number 
Bounded Flow Internal Flow ≥ 2300 
Unbounded Flow 
Around Obstacle ≥ 20000 
Along Flat Surface ≥ 500000 
 




9.1.1.3 Time dependence  
When a flow is independent of time it is regarded as a steady state. Time dependence of a flow is 
regarded as an unsteady state. A steady state flow results in a consistent flow field whereas an 
unsteady state flow results in a changing flow field.  
9.1.1.4 Viscous effects 
A flow may be regarded as viscous or inviscid depending on the degree to which the viscosity of 
the fluid affects the nature of flow. All fluids have a viscosity however when this viscosity is low 
enough it can be neglected, and the fluid can be regarded as inviscid.  
9.1.2 Type of error in computational analysis  
Computational analysis is an approximate numerical solution and, as such, errors in the analysis 
may occur. Some types of errors can be avoided but others cannot. Good practice dictates that 
avoidable errors should be eliminated while those that cannot be avoided should be minimised. 
The errors that most commonly occur in computational analysis are noted in Table 9-2. 
Table 9-2: Errors that occur in computational modelling 
Errors that are avoidable Errors that are not avoidable 
 Physical modelling error 
 Iteration error  
 Discretisation error 
 Input error  
 Round off error  
 Programming error  
 
 
9.1.2.1 Time variable  
Time in a computational model can be regarded as a dependent or an independent variable. As 
such there are three different types of time variable analyses available to be utilised in a model. 
These are explained below using a load placed on a beam as an example: 
 Static analysis – load on the beam is not time dependent (does not vary with time).  
 Quasistatic analysis – load on the beam is time dependent (varies with time) but inertial 
effects can still be ignored.  
 Dynamic analysis – load on the beam is time dependent (varies with time) but inertial 
effects cannot be ignored.  
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9.1.2.2 Meshing elements for 3D geometries 
The order of an element (i.e. first- or second-order), refers to the nature of the interpolation 
function used to calculate response indices between the corner nodes of an element. A first-order 
element interpolates such values linearly. A second-order element uses a quadratic interpolation 
function and hence features an extra edge-node midway between the corner nodes. Second-order 
elements are generally more accurate than first-order elements but are more computationally 
expensive (owing to the extra nodes). 
There are four types of 3D meshing elements that are commonly available in ANSYS®. These 
four types of 3D meshing elements are summarised in Table 9-3. The types of meshing elements 
can be seen in Figure 9-1 [4]. 
Table 9-3: Types of first and second order three-dimensional meshing elements 
Type Description Number of nodes Number of nodes Used for 
HEX Hexahedral shaped 
element 
8 corner nodes 
(HEX8) 




general use  
TET Tetrahedral shaped 
element 
4 corner nodes 
(TET4) 
4 corner and 6 
edge nodes 
(TET10) 
Used in automatic 
mesh generation  
WED Wedge or Prism 
shaped element 
6 corner nodes 
(WED6) 
6 corner and 9 
edge nodes 
(WED15) 
Used in transition 
area between 
solids  
PYR Pyramid shaped 
element 
5 corner nodes 
(PYR5) 






faced solids  
 
 
Figure 9-1: First and second order three dimensional meshes  
160 
 
 Discussion  
Background theory on flow characteristics was provided on compressibility, laminar and 
turbulent flow, time dependence and viscous effects. This provided the setting to understanding 
selections made during the solar still simulation carried out on ANSYS®. Table 9-1 summarized 
the Reynolds number flow characteristic. Subsequently, the error involved in computational 
analysis was described. Table 9-2 differentiated avoidable and unavoidable errors. Physical 
modelling error arises from not accurately simulating the system; this can be due to poor selection 
of boundary conditions, physical relationships, phases, materials and models. Discretisation error 
is also another major error that is avoidable and is described further in Section 9.1.2. 
Discretisation relates to mesh selection; the different types of first- and second-order 3D meshing 
elements and what they are used for are listed in Table 9-3, depicted in Figure 9-1. The solar still 
simulation was carried out on ANSYS® Fluent. The default mesh order was changed to quadratic 
and element size reduced to 10 mm as noted in Table 1 of the article titled Design Theory and 
Computational Analysis of a Solar Still in Chapter 9 – which is accepted and will be published in 
the International Journal of Mechanical Engineering and Technology. This was carried out to 
reduce numerical error in the solving stages, furthermore computational expense is minimised. In 
total the mesh consisted of 453 749 nodes and 104 000 elements as shown in Table 3. A K-epsilon 
turbulence model was selected as it predicts conditions such as wall boundaries. Spalart-allmaras 
and K-omega are better suited to aerospace and near wall conditions respectively. The radiation 
model selected was the Discrete Transfer Radiation Model. This was carried out by elimination 
as the P-1 model suffers from a lack of accuracy based on geometry, Rosseland is specific for 
optical density materials, the DO model cannot be used for grey radiation, while the S2S radiation 
method does not allow for hanging nodes. Solar ray tracing was enabled to allow for an estimation 
of the distribution of solar energy on the various still components e.g. basin (absorber-plate). 
Basin water density was selected as a piecewise function as opposed to a constant which allowed 
for a more realistic simulation. The time step was selected to 30 seconds and the number of time 
steps changes to 120. This meant that a single iteration would model 30 seconds of still operation 
totalling 60 minutes.  
A computational model was carried out on ANSYS®. The 2018 ANSYS® Fluent DTRM academic 
version was used to set up the simulation on this three-dimensional heat and mass transfer model. 
The boiler still performance was recorded for the 15th day of every month between 8 am and 6 
pm. The performance indices provided from the simulation included evaporative water 
temperature, glass cover temperature and productivity; these were plotted on the line graphs in 
Figure 6 to Figure 29. Results obtained through the computational model were summarised and 
placed in Table 3 to Table 15 for each calendar month. The evaporative water temperature and 
glass cover temperature was plotted against time for each month on the same set of axes. This 
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plot, for four out of twelve months, showed glass cover temperature higher than evaporative water 
temperature for most of the day. Evaporative water was only marginally greater than glass cover 
temperature for the remaining eight months, a suggested reason for this is that ANSYS® provided 
to boundary condition options for wall transparency i.e. opaque and semi-transparent. Semi-
transparent was selected for the glass cover which resulted in reduced transmittance through the 
cover to the basin water. The software assumed a unilateral initial temperature for both the glass 
cover and basin water. End of day temperature for both the basin water and glass cover was either 
equal to or less than start of day temperature; this was greatly exaggerated in the winter months – 
when sunsets occurs earlier. Much like the analytical model, maximum productivity occurred at 
solar zenith – 1 pm. The productivity trend across the day followed a bell-shaped plot with the 
greatest increase in productivity occurring between 10 am and 12 pm. The temperature contour 
shown in Figure 5 outputs the expected temperature gradient across the still. The still roof faded 
from a dark red – at the top of the still – to a deep blue toward the still sides. The collecting 
troughs are located at the still sides in an elevated position, as the temperature reduces at this 
point. The maximum surface temperature is noted toward the roof ridge because hot air and 
vapour rises and forms an insulating blanket thus raising the glass cover surface temperature in 
this region. 74.43 °C and 56.99 °C were the maximum and minimum evaporative water 
temperatures at 1 pm in December and July respectively. The highest glass cover temperature at 
1 pm occurred in March at 72.42 °C while June glass temperature was the lowest measuring 52.15 
°C. Solar zenith still productivity peaked at 557.61 ml/m2.hr in December while only managed 
314.43 ml/m2.hr in July.  
 Summary of chapter 
CHAPTER 9 provided the theory behind computational modelling of the solar still. The design 
theory behind a CFD simulation was provided and simplified for a heat transfer model. The 
simulation process for an ANSYS® CFD model was noted. Lastly, the results of the computational 
model were evaluated.  
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CHAPTER 10: DESIGN THEORY AND EXPERIMENTAL 
ANALYSIS OF A SOLAR STILL 
 Experimental procedure 
An experimental model was designed to verify the performance characteristics of the still boiler 
of the solar powered desalination test rig.  
Introduction 
The solar powered desalination test rig available at the University of KwaZulu-Natal Mechanical 
Engineering workshop was tested to obtain a benchmark against which the new still design could 
be compared. The testing procedure is described below. The experimental model carried out 
sought to ascertain the following: 
1) Evaporative water temperature 
2) Glass cover temperature 
3) Ambient temperature 
4) Productivity  
Aim  
Verify the solar powered desalination test rig still performance characteristics.  
Objectives 
Measure the evaporative water temperature, glass cover temperature, ambient temperature and 
productivity of the solar powered desalination test rig.  
Apparatus  
1) Infrared temperature gun 
2) Submersible thermometer  
3) Measuring cylinder  
4) Thermometer  
5) Solar still 




1) The boiler still is clean and dry prior to experiment. 
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2) The inner glass temperature is equal to the outer glass temperature.  
3) Basin water temperature is constant regardless of depth.  
4) Measuring cylinder is clean and dry between each measurement.  
5) All condensed water that accumulated into collector trough is drained into measuring 
cylinder. 




1) Fill 25 litres of seawater into the still boiler of the test rig (TDS = 35 000 mg/l). 
2) Place submersible thermometer into basin water. 
3) Test rig should be positioned such that the boiler still side walls face east and west 
respectively while the backwall faces north.  
4) The watch should be used to keep track of time. Measurements should be taken each hour 
starting at 8 am and ending at 6 pm.  
5) The thermometer should be utilised to measure the ambient temperature hourly. 
6) Glass cover temperature should be measured using the infrared temperature gun hourly.  
7) Condensed water that accumulates in the collector trough must be drained hourly and the 
volume recorded using the measuring cylinder. 
8) This must be repeated twice on a further two consecutive days.  
 Results  
The results obtained were from the testing of the single slope solar still part of the solar powered 
desalination plant test rig available at the University of KwaZulu-Natal. The test was carried out 
in August 2019 at the Mechanical Engineering Building Workshop at the University of KwaZulu-
Natal, Howard College. The results collected describe the following performance indices: 
1) Evaporative water temperature 
2) Glass cover temperature 
3) Ambient temperature 
4) Productivity  
The results are summarised in table form for the month of August while the system temperatures 





10.2.1 Day 1 – 14th August 2019  
Table 10-1: Day 1 experimental performance result 
























8:00 20.35 17.28 16.50 22.70 
9:00 21.16 19.09 20.50 25.02 
10:00 27.08 23.53 23.00 39.88 
11:00 41.21 37.64 26.00 75.44 
12:00 51.14 47.56 27.00 114.63 
13:00 55.29 51.71 28.00 132.46 
14:00 52.36 48.78 29.50 114.07 
15:00 43.86 40.30 29.50 74.67 
16:00 30.20 26.65 29.00 39.32 
17:00 22.98 19.14 28.50 23.65 
18:00 18.54 14.26 27.00 18.45 
 
 

























Figure 10-2: Experimental productivity – Day 1 
 
10.2.2 Day 2 – 15th August 2019 
Table 10-2: Day 2 experimental performance results 
























8:00 21.02 17.91 15.50 27.04 
9:00 21.69 20.83 17.00 35.32 
10:00 25.97 23.89 18.50 48.10 
11:00 39.01 36.92 23.00 95.00 
12:00 47.86 45.77 24.50 150.52 
13:00 51.16 49.07 26.50 179.71 
14:00 47.78 45.69 27.50 158.31 
15:00 39.35 37.28 27.00 104.58 
16:00 26.29 24.23 26.00 54.67 
17:00 19.13 17.42 25.00 33.57 


























Figure 10-3: Experimental still temperatures – Day 2 
 
 

















































10.2.3 Day 3 – 16th August 2019 
Table 10-3: Day 3 experimental performance results 
























8:00 24.86 19.61 19.00 26.23 
9:00 26.88 24.18 24.00 30.76 
10:00 31.47 28.77 26.50 53.69 
11:00 46.13 43.41 29.50 105.67 
12:00 56.13 53.40 31.50 166.23 
13:00 59.93 57.19 31.50 195.23 
14:00 56.29 53.56 32.00 167.13 
15:00 46.90 44.18 31.50 106.98 
16:00 32.30 29.60 30.00 54.43 
17:00 24.56 21.55 28.50 33.17 






























Figure 10-6: Experimental productivity – Day 3 
 Discussion  
The current solar powered water desalination test rig was brought to service in an experimental 
procedure from 14th to 16th August. The aim of the experiment was to validate the current 
performance characteristics of the existing boiler still and compare the evaporative water 
temperature, glass cover temperature and productivity against the analytical and computational 
results to ascertain whether the new boiler design enhanced still performance. A three-day 
experimental mode was carried out. The existing boiler still of the solar powered desalination 
plant test rig was tested to ascertain current system performance indices, namely: evaporative 
water temperature, glass cover temperature, ambient temperature and productivity. The results 
were collected between 14th and 16th August 2019 at the Mechanical Engineering Workshop at 
the University of KwaZulu-Natal in the time period 8 am to 6 pm and given in Table 10-1 to Table 
10-3. The experimental procedure and equipment utilised was described in section 10.1. System 
temperatures were plotted on the same set of axes against time for each day and are shown in 
Figure 10-1 to Figure 10-6. The temperature plots for the experimental model noted the same 
overall bell shape as the analytical and computational model, with peak performance occurring at 
1 pm each day. The greatest measured evaporative water temperature (59.93 °C), glass cover 
temperature (57.19 °C) and productivity (195.23 ml/m2.hr) occurred on the third day of 
experimentation, 16th August, when the maximum ambient temperature peaked at 32 °C (Table 
10-3). The 15th of August recorded the lowest evaporative water temperature (51.16 °C) and glass 






















productivity of 132.46 ml/m2.hr, seen in Figure 10-2. This thus implies that temperature is not the 
only driving factor effecting productivity, and that direct solar irradiation also has a considerable 
influence.  
 Summary of chapter 
The experimental approach was used to verify the performance characteristics of the current solar 
powered desalination plant test rig. The experimental procedure was noted and the results 




CHAPTER 11: COMPARISON OF QUANTITATIVE 
RESULTS 
 Hourly Comparison  
The results obtained through the analytical, computational and experimental model are 
summarised for the month of August. Day 2 of the experimental results was selected to be 
compared as the analytical and computational models both work with the 15th of each calendar 
month as a reference (Tables 11-1, 11-2, 11-3). The analytical and computational results were 
reduced to two decimal places for uniformity. The results are also represented graphically 
(Figures 11-1, 11-2, 11-3). The performance results provided are: 
1) Evaporative water temperature  
2) Glass cover temperature 
3) Productivity  
 
11.1.1 Hourly evaporative water temperature  
Table 11-1: Hourly evaporative water temperature results for the three different models 
Month Time of Day 
Evaporative water temperature (OC) 





8:00 22.00 21.00 21.35 
9:00 27.26 26.34 21.69 
10:00 33.11 36.08 25.97 
11:00 47.23 48.07 39.01 
12:00 57.53 56.09 47.86 
13:00 61.68 59.96 51.16 
14:00 58.75 56.94 47.78 
15:00 49.39 48.66 39.35 
16:00 35.73 37.06 26.29 
17:00 27.13 23.14 19.13 





Figure 11-1: Hourly evaporative water temperature for the three different models 
11.1.2 Hourly glass cover temperature 
Table 11-2: Hourly glass cover temperature results for the three different models 
Month Time of Day 
Glass cover temperature (OC) 





8:00 18.81 21.00 17.91 
9:00 23.08 27.04 20.83 
10:00 29.93 38.76 23.89 
11:00 44.04 49.20 36.92 
12:00 54.33 56.89 45.77 
13:00 58.48 60.12 49.07 
14:00 55.55 57.98 45.69 
15:00 46.21 49.09 37.28 
16:00 32.56 36.51 24.23 
17:00 23.67 21.29 17.42 
























Figure 11-2: Hourly glass cover temperature for the three different models 
11.1.3 Hourly productivity  
Table 11-3: Hourly productivity results for the three different models 
Month Time of Day 
Productivity (ml/m2.hr) 





8:00 57.90 51.99 27.04 
9:00 67.71 62.74 35.32 
10:00 103.01 116.74 48.10 
11:00 203.42 201.93 95.00 
12:00 322.32 314.46 150.52 
13:00 384.82 342.84 179.71 
14:00 338.99 308.05 158.31 
15:00 223.93 197.94 104.58 
16:00 117.08 104.78 54.67 
17:00 71.89 58.69 33.57 
























Figure 11-3: Hourly productivity for the three different models 
 Monthly Comparison 
The results obtained through the analytical, computational and experimental model are 
summarised for each month (Tables 11-4, 11-5, 11-6). These results were obtained through 
statistical analysis of the results obtained via the three modelling techniques employed. The 
analytical and computational results were reduced to two decimal places for uniformity. The 
results are also represented graphically (Figures 11-4, 11-5, 11-6). The performance results 
provided are: 
1) Average volumetric output 
2) Average evaporative water temperature 




























11.2.1 Monthly average volumetric output 
Table 11-4: Monthly average volumetric output results for the three different models 
Month 
Average volumetric output (ml) 
Analytical Computational Experimental 
January 2433.17 2688.39 N/A 
February 2478.71 2678.32 N/A 
March 2378.18 2643.89 N/A 
April 2061.51 2420.65 N/A 
May 1656.72 2688.39 N/A 
June 1337.58 1643.66 N/A 
July 1443.31 1501.94 N/A 
August 1776.94 1647.41 618.46 
September 2142.05 2324.56 N/A 
October 2398.00 2436.03 N/A 
November 2459.07 2498.48 N/A 





























Figure 11-5: August average volumetric output results for the three different models 
11.2.2 Monthly average evaporative water temperature 
Table 11-5: Monthly average evaporative water temperature results for the three different models 
Month 
Average evaporative water temperature (OC) 
Analytical Computational Experimental 
January 46.53 44.94 N/A 
February 46.26 44.58 N/A 
March 45.21 44.21 N/A 
April 42.34 42.18 N/A 
May 37.65 39.97 N/A 
June 34.40 37.11 N/A 
July 35.95 35.77 N/A 
August 40.03 39.38 32.28 
September 43.57 46.47 N/A 
October 45.64 47.16 N/A 
November 46.69 48.24 N/A 
December 46.90 49.78 N/A 
 











Figure 11-6: Average evaporative water temperature results for the analytical and computational 
model 
 





























11.2.3 Monthly average glass cover temperature 
Table 11-6: Monthly average glass cover temperature results for the three different models 
Month 
Average glass cover temperature (OC) 
Analytical Computational Experimental 
January 43.05 46.85 N/A 
February 43.10 47.04 N/A 
March 42.10 47.58 N/A 
April 39.21 46.28 N/A 
May 34.45 42.16 N/A 
June 31.05 36.51 N/A 
July 32.87 34.06 N/A 
August 36.67 39.67 30.26 
September 40.56 45.27 N/A 
October 42.42 44.86 N/A 
November 43.41 45.65 N/A 
December 43.96 46.91 N/A 
 
 

























Figure 11-9: August average glass cover temperature results for the three different models 
 Discussion  
A comparison of results was carried out between three models. The first compared the hourly 
evaporative water temperature, glass cover temperature and productivity of the three models for 
the 15th of August. The analytical, computational and experimental results were plotted on the 
same set of axes for each performance characteristic. The first graph labelled Figure 11-1, hourly 
evaporative water temperature vs. time, showed a similar overall plot shape across the three 
models. The analytical approached noted a 20.56 % increase in still evaporative water temperature 
at solar zenith between the proposed improved double slope boiler still and the existing single 
slope boiler still while the computational approach saw a 17.20 % rise. The glass cover 
temperature of the proposed boiler still design at 1 pm improved by 22.5 % according to the 
computational approach and 19.18 % through the analytical approach compared to the current 
boiler still glass cover temperature as calculated from the results listed in Table 11-2 and depicted 
in Figure 11-2. The most notable improvement was displayed across the boiler still productivity. 
Experimental boiler still productivity of the existing boiler still system at 1 pm was 
179.71 ml/m2.hr while the analytical and computational approaches recorded hourly productivity 
rates of 384.82 ml/m2.hr and 342.84 ml/m2.hr respectively, as can be seen in Figure 11-3. This 
meant that there was a 114.13 % and 90.77 % increase in productivity between the existing boiler 
still and proposed improved boiler still according to the analytical and computational models 
according to the results grouped in Table 11-3. The second comparison constituted the monthly; 
average volumetric output, average evaporative water temperature and average glass cover 










temperature. August was the only month to include results from all three models as the 
experimental model was carried out exclusively in this month. Average volumetric output was 
calculated by multiplying the productivity with the area of the still (1 m2) and number of hours of 
operation (10 hours). The computational model resulted in a greater volumetric output than the 
analytical model for all months excluding August, as shown in Figure 11-4. May’s volumetric 
output was quite high compared to the analytical model, which could be attributed to a 
combination of high temperatures and a greater Clearness Factor in May 2018. As expected, the 
volumetric output in Durban improved, as recorded in Table 11-4, during the November to March 
periods due to increase temperature and reduced cloudiness. August volumetric output for the 
improved boiler still design was recorded at 1776.96 ml and 1647.41 ml for the analytical and 
computational models respectively, meaning the new design led to a 187.32 % or 166.37 % 
increase in distillate output when compared to the experimental productivity of the current system. 
The marked improvement in productivity can be viewed in bar graph Figure 11-5. There was a 
strong agreement between the analytical and computational model regarding the monthly average 
evaporative water temperature, with the largest temperature difference only 2.90 °C, subtracting 
results populated in Table 11-5. In the month of August Figure 11-7 shows the difference between 
the analytical and computational model evaporative temperatures was 0.65 °C while this 
increased to 7.75 °C for the experimental model. Average evaporative water temperatures were 
greatest in the month of December – as seen in Figure 11-6 – which therefore helped achieve the 
highest volumetric output for the same month. Conversely, the computational model output a 
greater average glass cover temperature (39.67 °C) compared to the analytical model (36.67 °C), 
noted by Figure 11-8 and Table 11-6. The experimental average glass cover temperature reached 
30.26 °C, logged in Figure 11-9. This experimental average glass cover temperature is only 76.28 
% of the maximum average glass cover temperature across the three models when calculating it 
against the average glass cover temperatures registered in Table 11-6.  
  Summary of chapter 
The results obtained through the analytical, computational and experimental model were 
statistically analysed. These results are directly compared either hourly or monthly and were 




CHAPTER 12: CONCLUSION, RECOMMENDATIONS 
AND FUTURE RESEARCH 
The need for research into renewable and alternative methods to produce potable water stems 
from severe water scarcity issues that exist and have worsened in certain parts of the world. The 
aim of the project was to increase the performance characteristics of the solar powered 
desalination plant test rig that exists at the Discipline of Mechanical Engineering workshop, 
University of KwaZulu-Natal. The current boiler still design was noted by the initial design group 
as a point of possible improvement. As such, the boiler still was isolated to be improved upon. 
There were five objectives, outlined in the introduction, that were drawn up to help meet the aim 
of the master’s project. 
The first objective was to improve system performance by readdressing boiler still design. The 
proposed design conceptualised a new double slope solar still that would reduce the shadow effect 
that normally plagues single slope designs. An analytical and computational mode was carried 
out to ascertain the theoretical improved performance characteristics of the new double slope solar 
boiler still design and then compared to the experimental model performance results of the current 
single slope solar boiler still. The analytical approach noted a 114.13 % increase in still 
productivity while the computational approach recorded a 90.77 % increase when compared to 
the current single slope design.  
Enhanced operational efficiency was achieved through selection of still materials that aided in 
thermal insulation. Operational and design parameters such as water basin depth, roof slope angle 
and input water TDS were selected based on literature. Water basin depth was limited to 150 mm, 
roof slope angle was selected at 15º and the input water TDS range maximum capped at 35 000 
ppm. The current still was constructed out of 4 mm thick glass; this did not insulate the internal 
still environment and disallowed still basin solar energy absorption. The proposed boiler still 
would be made of stainless steel sheet metal and glass. These operational and design changes 
allowed for increased evaporative water temperature 20.56 % and 17.20 % according to the 
analytical and computational models respectively. The glass cover temperature rose from 30.26 
°C to 39.67 °C, through computational analysis and 36.67 °C, via analytical analysis.  
System autonomy was maintained through a design that could be integrated with the existing 
desalination test rig. The still inlet will be controlled by a solenoid valve that maintains a constant 
still basin depth and prevents system flooding. The distillate collection and transport is facilitated 
by a collection trough and outlet piping. As such, no user interface is required unless there is an 
issue that arises during operation. The ability to be integrated with the current design also satisfied 
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the final objective of the project, that the new boiler setup should be able to be integrated with 
existing test rig.  
A direct comparison between the current system and improved system performance characteristic 
was carried out. This was enabled through a quantitative approach that encompassed an analytical, 
computational and experimental model. The analytical and computational model measured new 
system performance while the experimental model verified current system performance. It was 
clearly noted that the proposed double slope solar still design increased system performance i.e. 
still temperatures and productivity.  
The literature review noted the main desalination methods available and how commonly utilised 
each was across the world in largescale projects. Reverse osmosis and solar distillation were found 
to be the two most widely used methods. Reverse osmosis is better suited to largescale projects 
as the cost per litre of potable water produced significantly decreases as the volume of water 
desalinated increases. This is however not the case for solar distillation, as the cost per litre of 
potable water produced remains constant. Solar distillation thus is a more obvious choice for the 
method of household (small scale) desalination systems.  
The methodology carried out during the research and design phase of the project deviated from 
the traditional heavily weighted quantitative approach. A qualitative approach was used which 
included a feasibility study and market analysis. The feasibility study surveyed 100 members of 
the population while the market analysis investigated three existing double slope boiler still 
designs and a SWOT analysis was completed. Desalination was perceived as the answer to 
possible future water shortages according to 85% of individuals who completed the survey. The 
feasibility study found that a large proportion of respondents would be willing to purchase 
desalination devices and become independent of current municipal water supply but were would 
be influenced by the initial startup cost of procuring these devices. 79% of survey respondents 
chose solar energy as the way in which desalination devices should be powered. The market 
analysis allowed for the limitations of current designed to be mitigated or eliminated. It also 
allowed for a suggested placement of the device in the best suited niche and region. Africa, the 
Middle East and Australia were identified as areas in which a strong market share could be 
developed – these areas are water scarce, some are still developing and there has been investment 
in water desalination in recent years.  
The quantitative approach attempted to encompass the fundamental models i.e. analytical, 
computational and experimental. This allowed for a much better comparison with respect to boiler 
still performance characteristics. Two MATLAB programs were utilised to solve the double slope 
still mathematical model by iteration – the mathematical model accounted for real world 
parameters such as wind, solar irradiance scattering and clearness. The 2018 ANSYS® Fluent 
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DTRM academic version was used to set up the simulation on this three-dimensional heat and 
mass transfer model. The computational simulation provided a direct contrast to the results 
achieved through the analytical approach which provided good insight into the consistency of 
results between the two modelling methods.  
The first issue that was identified through the research and design process is that solar distillation 
is largely dependent on the area of the solar still. A significant increase in output productivity is 
contingent on the still size, which leads to major problems beyond a certain threshold as the 
system becomes too large. It is suggested that smaller stills in parallel be used as opposed to one 
large still while reheat/recovery systems could be introduced in series with a still design.  
The second problem identified is that the method of solar distillation is not equipped to deal with 
larger non dissolved solids/contaminants in the basin water. These solids may clog the pipework 
or damage the inside of the boiler still. It is proposed to enforce inlet pretreatment of basin water 
through a solar powered filtration system.  
Lastly, the models carried out were for the Durban region of South Africa which normally 
experiences greater average temperatures than numerous other cities across the country. 
Therefore, performance results may be skewed as ambient temperatures and available solar 
radiation is higher for this region. Furthermore, humidity in Durban is higher than in inland cities 
which meant a smaller likelihood of leakage of moist air out of the boiler still. It is recommended 
that modelling be carried out for other geographical regions in South Africa to gain a more 
comprehensive results set.  
Future research should be conducted to test the validity of the recommendations made or research 
alternative solutions regarding the problems noted. It is important for these to be tackled before 
household solar powered desalination plants can be implemented and manufactured. It is believed 
that there is a viable market for such devices in the potable water production industry as the niche 
is evident through an undeveloped market segment. South Africa is more aware of the need for 
research, development and investment into solar desalination especially after the water crisis that 
hit the Western Cape in 2018. Solar desalination has been shown to be an efficient, reliable and 
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Appendix B – Qualitative Approach  









































Appendix C – Quantitative Approach  
C.1 Analytical Model 
























































Iterate to using next value  





Principal Program – Main_Program.m 
 
Code Description 


















Ta1=[27 29.5 31 33.5 35 35 36 36.5 36 35.5 34.5]; 
Ta2=[23.5 26.5 28 29.5 30.5 31 32 32 27 27 26.5]; 
Ta3=[17 19.5 22.5 24 25 26 27 27 27.5 27 26.5]; 
Ta4=[23 23 24 25 28 29.5 30.5 31 32 32 31]; 
Ta5=[27 28 29 32 33.5 33.5 34 34 33 32 31]; 
Ta6=[17.5 19 22 23.5 25 26 28 29 28 26.5 25]; 
T7=[14 17.5 19 20 23 25 25.5 24 24 24.5 24]; 
Ta8=[9 10.5 12 16.5 18 20 21 21 20.5 19.5 18]; 
Ta9=[13 17 19.5 22.5 23.5 24 26 26 25.5 25 24]; 
Ta10=[19.5 23.5 26 29 31 31 31.5 32 31 30 28]; 
Ta11=[23.5 27 29 31 32.5 32.5 32.5 33 32.5 32.5 32]; 
Ta12=[24 26.5 28.5 31 32.5 33.5 35 35.5 35 34 33.5]; 
RR=[15 46 74 05 35 166 181 212 243 273 304 349]; 


















  N=RR(L); 
Iteration  
GTOTAL=g_t(); Call up g_t.m 
if L==1 
  disp(['Variation of temperature productivity and solar intensity']) 
  disp(['of January']) 
Ta=Ta1'; 
elseif L==2 
  disp(['Variation of temperature productivity and solar intensity']) 
  disp(['of February']) 
Ta=Ta2'; 
elseif L==3 
   disp(['Variation of temperature productivity and solar intensity']) 
   disp(['of March']) 
Ta=Ta3'; 
elseif L==4 
   disp(['Variation of temperature productivity and solar intensity']) 
   disp(['of April'])   
Ta=Ta4'; 
elseif L==5 
   disp(['Variation of temperature productivity and solar intensity']) 
   disp(['of May']) 
Ta=Ta5'; 
elseif L==6 
   disp(['Variation of temperature productivity and solar intensity']) 
   disp(['of June'])  
Ta=Ta6'; 
elseif L==7 
   disp(['Variation of temperature productivity and solar intensity']) 
   disp(['of July'])  
Ta=Ta7'; 
elseif L==8 
   disp(['Variation of temperature productivity and solar intensity']) 
Read defined 
values of Ta 
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   disp(['of August'])   
Ta=Ta8'; 
elseif L==9 
   disp(['Variation of temperature productivity and solar intensity']) 
   disp(['of September'])  
Ta=Ta9'; 
elseif L==10 
   disp(['Variation of temperature productivity and solar intensity']) 
   disp(['of October']) 
Ta=Ta10'; 
elseif L==11 
   disp(['Variation of temperature productivity and solar intensity']) 
   disp(['of November'])  
Ta=Ta11'; 
elseif L==12 
   disp(['Variation of temperature productivity and solar intensity']) 








































































disp(['Time(hr); WatTemp; GlasTemp; ambienttemp; SkyTemp; Productivity']); 
disp([dd'; Tw2; Tg1; Ta; Ts; Mw1]); 
  if L==1 
    figure(11),plot(dd,Tw2,'-kd',dd,Tg1,'-bs',dd,Ta,'-ro') 
    figure(12),plot(Mw1,Ta,'-kd',Mw1,Tw2,'-bs') 
    figure(13),plot(dd,GTOTAL,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
    figure(14),plot(dd,Eue,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
    figure(15),plot(dd,Mw1,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
     
  elseif L==2 
    figure(21),plot(dd,Tw2,'-kd',dd,Tg1,'-bs',dd,Ta,'-ro') 
    figure(22),plot(Mw1,Ta,'-kd',Mw1,Tw2,'-bs') 
    figure(23),plot(dd,GTOTAL,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
    figure(24),plot(dd,Eue,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
    figure(25),plot(dd,Mw1,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
     
  elseif L==3 
    figure(31),plot(dd,Tw2,'-kd',dd,Tg1,'-bs',dd,Ta,'-ro') 
    figure(32),plot(Mw1,Ta,'-kd',Mw1,Tw2,'-bs') 







    figure(34),plot(dd,Eue,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
    figure(35),plot(dd,Mw1,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
     
  elseif L==4 
    figure(41),plot(dd,Tw2,'-kd',dd,Tg1,'-bs',dd,Ta,'-ro') 
    figure(42),plot(Mw1,Ta,'-kd',Mw1,Tw2,'-bs') 
    figure(43),plot(dd,GTOTAL,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
    figure(44),plot(dd,Eue,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
    figure(45),plot(dd,Mw1,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
     
  elseif L==5 
    figure(51),plot(dd,Tw2,'-kd',dd,Tg1,'-bs',dd,Ta,'-ro') 
    figure(52),plot(Mw1,Ta,'-kd',Mw1,Tw2,'-bs') 
    figure(53),plot(dd,GTOTAL,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
    figure(54),plot(dd,Eue,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
    figure(55),plot(dd,Mw1,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
   
  elseif L==6 
    figure(61),plot(dd,Tw2,'-kd',dd,Tg1,'-bs',dd,Ta,'-ro') 
    figure(62),plot(Mw1,Ta,'-kd',Mw1,Tw2,'-bs') 
    figure(63),plot(dd,GTOTAL,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
    figure(64),plot(dd,Eue,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
    figure(65),plot(dd,Mw1,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
    
  elseif L==7 
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    figure(71),plot(dd,Tw2,'-kd',dd,Tg1,'-bs',dd,Ta,'-ro') 
    figure(72),plot(Mw1,Ta,'-kd',Mw1,Tw2,'-bs') 
    figure(73),plot(dd,GTOTAL,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
    figure(74),plot(dd,Eue,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
    figure(75),plot(dd,Mw1,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
     
  elseif L==8 
    figure(81),plot(dd,Tw2,'-kd',dd,Tg1,'-bs',dd,Ta,'-ro') 
    figure(82),plot(Mw1,Ta,'-kd',Mw1,Tw2,'-bs') 
    figure(83),plot(dd,GTOTAL,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
    figure(84),plot(dd,Eue,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
    figure(85),plot(dd,Mw1,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
     
  elseif L==9 
    figure(91),plot(dd,Tw2,'-kd',dd,Tg1,'-bs',dd,Ta,'-ro') 
    figure(92),plot(Mw1,Ta,'-kd',Mw1,Tw2,'-bs') 
    figure(93),plot(dd,GTOTAL,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
    figure(94),plot(dd,Eue,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
    figure(95),plot(dd,Mw1,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
     
  elseif L==10 
    figure(101),plot(dd,Tw2,'-kd',dd,Tg1,'-bs',dd,Ta,'-ro') 
    figure(102),plot(Mw1,Ta,'-kd',Mw1,Tw2,'-bs') 
    figure(103),plot(dd,GTOTAL,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 




    figure(105),plot(dd,Mw1,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
     
  elseif L==11 
    figure(111),plot(dd,Tw2,'-kd',dd,Tg1,'-bs',dd,Ta,'-ro') 
    figure(112),plot(Mw1,Ta,'-kd',Mw1,Tw2,'-bs') 
    figure(113),plot(dd,GTOTAL,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
    figure(114),plot(dd,Eue,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5) 
    figure(115),plot(dd,Mw1,'-
kd','LineWidth',2,'MarkerEdgeColor','k','MarkerFaceColor','r','MarkerSize',5   
  end; 
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